This paper clarified the discrepancies between theoretical vibration amplitude of a cantilever used in the atomic force microscope (AFM) and the measured vibration amplitude data through the optical lever method. It was theoretically found that the amplitude data of the cantilever in the dynamic mode needs to be corrected and correction factors were newly d erived. The correction factors depend on the vibration frequency, mass ratio and spring constant ratio.
INTRODUCTION
The atomic force microscope (AFM) is a powerful and widely used tool for investigating the micro/nano properties of surfaces. The major measurement modes in the AFM are the contact and dynamic modes. The dynamic mode is used to investigate, for example, the dynamic characteristics of a solid surface such as storage and loss moduli, or the micro/nano characteristics of soft matters such as polymer melts, biomolecules and so on. The dynamic mode of the AFM is used for obtaining not only the surface profiles but also the surface interactions [1] . For the precise measurements in the dynamic mode, the free and forced vibration characteristics of the cantilever should be well understood because the cantilever is vibrated by a piezo actuator during the measurement. In order to know the vibration characteristics of the cantilever, many effects such as surface coating on the cantilever surface, tip mass, fluid damping, surface interactions and so on should be considered [2] [3] [4] [5] [6] [7] . Furthermore, the optical lever method is generally used in the AFM to measure the displacement or the amplitude of the cantilever end. Actually, this method measures not the displacement of the cantilever but the bending angle of the cantilever end. This can be the cause of measurement errors in the dynamic mode. In this study, the free and forced vibration characteristics of an AFM cantilever without damping and the measuring properties by the optical lever method are theoretically analyzed. Especially the effects of a concentrated mass and a spring at the cantilever end are presented.
EFFECTS OF A CONCENTRATED MASS AT CANTILEVER END
An AFM cantilever has a tip or a particle near the cantilever end, which can be considered that the cantilever has a concentrated mass, m, at the cantilever end. The model is shown in Fig. 1 . The equation of motion is given by
where ρ is density, A is sectional area (= bt t , b:width, t t : thickness), E is Young's modulus, I is the moment of inertia of area (= bt t 3 /12). The boundary conditions are y = y 0 sin2πft and ∂y/∂x = 0 at x = 0, and ∂ 2 y/∂x 2 = 0 and -EI∂ 3 y/∂x 3 = -m∂ 2 y/∂t 2 at x = l. The amplitude ratio obtained from the bending theory, A r1 , is given by ( ) r1 m coshcos coshcos1coshsinsinhcos A λλ λλξλλλλλ
where ξ m is the ratio of the concentrated mass to the mass of the cantilever (= m/ρbt t l) and λ is the dimensionless frequency and is given by 
Using the optical lever AFM, the bending angle of the cantilever, θ, is mainly measured. The displacement of the cantilever, y, is obtained from the static relationship between y and θ, that is,
The vibration amplitude ratio which would be observed by the optical lever AFM is given by ( ) ( ) forced vibrations. Though the expressions of the free vibration are not shown here, the values for the free vibration correspond to those for the forced vibration at the natural frequencies. Namely, the correction factor of the forced vibration includes that of the free vibration in the same way as the cantilever without a concentrated mass. It is found that the correction factor decreases by the increase in the mass ratio, ξ m . However, the value of the correction factor for the 1st mode approaches 1 by the increase in ξ m .
EFFECTS OF A SPRING AT CANTILEVER END
Actually, the atomic force works between the tip and the sample, which can be considered that the cantilever has an added spring, k, at the cantilever end. The model is shown in Fig. 3 . Considering the forced vibration, the equation of motion is given by Eq. (1), but the boundary conditions are given by y = y 0 sin2πft and ∂y/∂x = 0 at x = 0, and ∂ 2 y/∂x 2 = 0 and -EI∂ 3 y/∂x 3 = -ky at x = l. The amplitude ratio obtained from the bending theory, A r1 , and that obtained by the optical lever AFM, A r2 , are given by ( ) A λλ λλξλλλλ λ
( ) ( )
where ξ k is the ratio of the spring constant of the added spring to the spring constant of the cantilever(= kl 3 /3EI) and λ is given by Eq. (3).
The correction factor of the forced vibration, ζ r , is given by Figure 4 shows the correction factors of the free and forced vibrations. The correction factor for the free vibration again correspond to those for the forced vibration at the natural frequencies. It is found that there are some frequencies at which the correction factorbecomes infinity for (0<ξ k ), but they disappear for (-1<ξ k <0).
CONCLUSION
The discrepancies between theoretical vibration amplitude of a cantilever used in the atomic force microscope (AFM) and the measured vibration data through the optical lever method were clarified. It was theoretically found that the amplitude data of the cantilever in the dynamic mode needs to be corrected and correction factors were newly derived. The correction factors depend on the vibration frequency, mass ratio and spring constant ratio. This result can be applied to almost all the AFMs in which the optical lever method is used. 
